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FOREWORD
(Nontechnical summary)

Glycogen is a term which applies to a group of complex sugars present in most
animal cells as well as certain plants. In mammalian systems glycogen is found pri-
marily in liver and muscle and constitutes an important store of energy. Liver gly-
cogen is broken down to glucose which then passes into the blood stream for use by
the tissues. Muscle glycogen is utilized as a source of energy for muscle contraction.

Glycogen is a highly branched macromolecule and is essentially composed of
a-glucose units joined by 1,4 and 1, 6 glucosidic bonds. Two enzymes (amylophos-
phorylase and amylo-1, 6-glucosidase) are mainly responsible for the in vivo break-
down of liver glycogen to glucose, and two enzymes (UDPG-glycogen transglucosylase
and amylo-(1,4~ 1, 6)-transglucosidase) catalyze its synthesis.

It has been reported that the glycogen content of the liver of rats and other
animals increases considerably after irradiation. It was therefore of interest to de-
termine the effects of radiation on the individual liver enzyme activities which are
responsible for its in vivo breakdown and synthesis. Two different radiation sources
(x-ray generator and mixed gamma-neutron radiation from the AFRRI-TRIGA reactor)
were used in this study. Under our experimental conditions, the activities of the
enzymes studied are greatly affected. The results obtained show that the activity of
the enzymes responsible for the breakdown of glycogen is greatly inhibited. A sig-
nificant inhibition was observed also in the activity of 1,4- 1,6 transglucosidase which

catalyzes the formation of 1, 6 glucosidic bonds. However, it was found that the
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activity of UDPG-glycogen transglucosylase, which is responsible for the in vivo

synthesis of polysaccharides containing 1,4 glucosidic bonds, is greatly enhanced.
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ABSTRACT

The activities of liver enzymes involved in the breakdown and synthesis of gly-
cogen have been investigated in rats exposed to 1200 rads midline kerma dose, free-
in-air, of x rays or mixed gamma-neutron radiation.

It was found that glycogen phosphorylase and amylo-1, 6-glucosidase, both of
which are involved in the breakdown of glycogen to ''glucose' units, are greatly inhi-
bited by both qualities of radiation. A considerable inhibition in the activity of amylo-
(1,4 -1, 6)-transglucosidase (branching enzyme) was also observed. In contrast, it
was found that the activity of UDP-glucose-glycogen transglucosylase which is re-
sponsible for the in vivo synthesis of 1,4-polysaccharides is greatly enhanced when

the animal received x rays or mixed gamma-neutron radiation.



I. INTRODUCTION
It has been reported that x irradiation results in changes in the level of liver
glycogen and that in rats and mice, which were starved for 24 hours before and/or
after irradiation, the glycogen content of the liver was higher than in control animals

2,10,11,15,19,20

of the same nutritional condition. Concurrent with the rise of the

11,15,2
’5’0The

liver glycogen, increased blood glucose levels have been observed.
activities of the enzymes phosphofructokinase and fructose-1, 6-diphosphatase, which
play regulatory roles in glycolysis, were measured in the liver of mice exposed to
690 R of whole-body x rays and, on the basis of the results obtained, it was concluded
that glycolysis is not diminished after x irradiation. 3
In order to obtain information on the cause of the glycogen accumulation ob-

served by investigators cited above, the objective of this study is to determine the

in vivo changes induced by ionizing radiations in the activities of the liver enzymes
glycogen phosphorylase, amylo-1, 6-glucosidase, UDPG-glycogen transglucosylase
and glycogen 1,4~ 1, 6 transglucosidase which are involved in the breakdown and syn-

thesis of glycogen as shown in Figure 1.

Glucose + ATP Clucckingse 5 Glucose—-6-P
Phosphoglucomutose Figure 1
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II. PROCEDURES

Female Sprague-Dawley rats weighing 90 to 110 grams were used in this study.
All animals were kept on a fat-free diet at least 7 days prior to irradiation, and had
free access to water. Each animal was fed with approximately 12-13 grams of food
(dry weight) per day. The entire ration was given at one time and the rats were
trained to consume it within 1 to 1-1/2 hours. The animals were exposed to radiation
approximately 2 hours after they had consumed their food.

This study employed 216 rats, utilizing 27 animals in each of 8 experiments.
These 27 animals were divided into three groups as follows: nine rats were sham
irradiated and used as controls, nine rats were irradiated with x rays and nine rats
were exposed to mixed gamma-neutron radiation. During exposure the animals were
individually housed in Lucite boxes which were so arranged that each rat received an
equal unilateral exposure. The tissue kerma rate, free-in-air, at the midline of the
animal was 20 rads/min; the total dose was 1200 rads. The physical characteristics
of the exposure sources were as follows:

X rays. A 250 kVp x-ray generator with inherent filtration of 1.2 mm beryllium
and added filtration of 0.95 mm copper was used. The distance from the source to
the midline of each rat was 100 cm.

Mixed gamma-neutron radiation. The AFRRI-TRIGA reactor was used as the

radiation source. The rats, individually housed in Lucite boxes, were placed in the
exposure room so that the kerma to each rat did not vary by more than 4-5 percent.
The distance of the animals from the center line of the reactor was 292 cm. The ratio

of gamma to neutron tissue kermas, free-in-air, was approximately 1.5. This was



measured using a paired chamber technique, i.e., a 50 cmS tissue-equivalent cham-
ber filled with tissue-equivalent gas, and a 50 cm? graphite chamber filled with COs.
On all Lucite boxes sulfur tablets were used for neutron monitoring. The total doses
were determined by measurements made with a 50 cm® tissue-equivalent chamber
filled with tissue-equivalent gas.

Approximately 75 percent of the neutrons had energies between 10 keV and 3
MeV. The remaining 25 percent had an energy in excess of 3 MeV. The average
energy of the gamma component is believed to be of the order of 1 to 2 MeV.

Preparation of enzyme systems. Following removal from the exposure room,

three animals from each experimental group as well as from the sham irradiated
controls were sacrificed by decapitation at 24, 48, or 72 hours postirradiation. The
livers were immediately excised, chilled and homogenized in 2.5 volumes of ice—cold
water. When glycogen phosphorylase was to be determined, 50 mmoles of NaF per
ml were added to the water. The homogenates were centrifuged for 30 minutes at
40,000 x g and the clear supernatants were used for enzymic activity determinations.

Phosphorylase. Phosphorylase activity was measured in the direction of syn-

thesis of polysaccharide, since this enzyme is capable in vitro of constructing a
polysaccharide composed of o-1,4 glycosyl units. 24 The activity was determined by
measuring the rate of liberation of inorganic phosphate from glucose-lfphosphate in
the presence of glycogen. 5 Inorganic phosphate was determined by the method of

9
Fiske and SubbaRow.  The intensity of the color which was developed was measured

in a Bausch and Lomb colorimeter at 660 nm.




The assay mixture (1.2 ml), slightly modified from Sutherland's procedure, 5L
contained 2 ymoles adenosine-5'-monophosphate; 1.5 pmoles MgClz; 50 ymoles glu-
cose-1-phosphate (K salt, pH 6.2); 5.7 mg glycogen; and 50 pgmoles NaF. The
assay mixture was kept in an ice bath. The addition of 0.3 ml of enzyme preparation
to the mixture initiated the reaction. A sample (0.5 ml) was withdrawn at the time
the enzyme was added (zero time) and placed in 0.5 ml of 4 percent trichloroacetic
acid (TCA). The remaining mixture was incubated for 20 minutes at 37°C. The
reaction was stopped by the addition of 1.0 ml of 4 percent TCA. After centrifugation
for 10 minutes at approximately 1000 x g, the supernatants were decanted and used
for phosphorus determination.

1,6 Glucosidase. The assay mixture (0.55 ml) contained 50 ymoles potassium

phosphate pH 6.8, and 1 mg glycogen, glucose-free. To this solution, kept in an ice
bath, was added 0.01 ml of ov-phosphorylase suspension in 0.0015 M EDTA, 0.1 M
NaF, 0.00192 M Na glycerophosphate (pH 6.8; 15.5 mg protein/m!l; Sigma Co.), and
0.1 ml enzyme preparation (approximately 2 mg protein). The mixture was incubated
for 20 minutes at 30°C and the reaction was stopped by the addition of 0.8 ml of 4
percent TCA. The precipitate was removed by centrifugation, and the supernatant was
heated in a boiling water bath for 10 minutes to hydrolyze any glucose-1-phosphate

or glucose-6-phosphate present. It was then neutralized with 0.3 N NaOH, and the
liberated glucose was determined colorimetrically by the Somogyi-Nelson method. 18

UDPG Transglucosyldse. The assay mixture (0.30 ml) contained 6.0 ymoles

Tris-HCl pH 7.4; 60 pymoles UDP-glucose; 2.4 ymoles EDTA and 1.0 mg glycogen.



To this solution, kept in an ice bath, was added 0.5 ml of enzyme preparation
(approximately 10 mg protein). A sample (0.4 ml) was taken from this mixture at
zero time and mixed with 40 percent NaOH (0.4 ml). The balance was incubated at
37OC for 45 minutes and the reaction was stopped by the addition of 0.4 ml of 40 per-
cent NaOH. The '"zero time'" sample and the incubated mixture were digested by
heating for 15 minutes at 100°C. They were then cooled in an ice bath and cold abso-
lute ethanol (3 to 4 volumes) was added to precipitate the glycogen. After centrifuging
for 10 minutes at approximately 1000 x g, the clear supernatants were decanted and
the precipitates were dissolved in 0.02 M Tris-HCI buffer pH 7.4 (0.5 ml). Eighty
percent phenol (0.4 ml) and concentrated H2SO4 (1.8 ml) were then added and the
color which was developed, in approximately 30 minutes, was measured colorimetri -
cally at 490 nm. 16

12
1,4- 1,6 Transglucosidase. The Larner method ~ with slight modifications was

used for the determination of transglucosidase activity. The assay mixture (0.8 ml)
contained 100 ymoles Tris-HCl (pH 7.9), and 1.5 mg corn amylopectin. To this so-
lution was added 0.8 ml of enzyme preparation (approximately 15 mg protein). A
sample (0.8 ml) was taken at zero time and deproteinized with 0.8 ml of 3 percent
perchloric acid. The balance was incubated for 15 minutes at SOOC. The reaction
was stopped by the addition of 0.8 ml of 3 percent perchloric acid, and after removing
the precipitates by centrifugation the supernatants were neutralized to pH 7 with solid
NaHCOS. The color which was developed on addition of a solution of iodine (0.2 per-

cent I + 0.4 percent KI) was measured colorimetrically at 570 nm.



III. RESULTS
The effect of ionizing radiation on the activity of glycogen phosphorylase, which
is responsible for the in vivo hydrolysis of 1,4 glucosidic bonds is shown in Figure 2,
For comparison purposes, phosphorylase activity in the liver of unirradiated control
animals was set at 100 percent. It can be seen in this figure that the activity of this'

enzyme is greatly inhibited by radiation from either source. It is also indicated in
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Figure 2. Effect of 1200 rads x rays or mixed gamma-neutron
radiation on the activity of glycogen phosphorylase

this figure that the inhibition is more pronounced 1 day after irradiation and it appears
that a slight, temporary, recovery occurs 24 hours later. Figure 3 shows the effect
of radiation on the activity of amylo-1, 6-glucosidase which catalyzes the in vivo
hydrolysis of 1,6 glucosidic bonds. It can be seen that both qualities of radiation in-
hibit the activity of this enzyme.

The changes induced in the activity of UDPG-transglucosylase which is respon-
sible for the in vivo synthesis of polysaccharides containing 1,4 glucosidic bonds are

presented in Figure 4. It can be seen in this figure that the activity of this enzyme
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Figure 4. Effect of 1200 rads x rays or mixed gamma-neutron
radiation on the activity of UDPG-glycogen transglucosylase

is greatly enhanced by ionizing radiation when the rats were subjected to 1200 rads

of X rays or mixed gamma-neutron radiation.




Figure 5 shows the activity changes induced by radiation to the enzyme
1,4~ 1,6 transglucosidase which catalyzes the in vivo formation of 1, 6 glucosidic
bonds. The results indicate that the activity of this enzyme is inhibited by both qual-
ities of radiation 24 hours postirradiation and it appears that recovery occurs in
x irradiated rats 48 and 72 hours after exposure. The gamma-neutron exposed rats
indicate possible recovery 48 hours postirradiation but a further decrease is observe:

72 hours after exposure.
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Figure 5. Effect of 1200 rads x rays or mixed gamma-neutron
radiation on the activity of glycogen 1,4 -1,6 transglucosidase

IV, DISCUSSION
It is well-known that starvation results in decrease of the deposits of tissue
glycogen in the animal and that in rats starved for 24 to 30 hours the liver is practi-
cally depleted of glycogen.25 However, it has been shown that after whole-body x ir-
radiation of rats and mice which were deprived of food before and/or after exposure,

g . . 2,10,11,1
the liver glycogen was highly increased. 5 It is reasonable to assume that

o
e

the observed elevated values of glycogen may be due either io an increased synthesis



or a decreased rate of glycogen breakdown. To clarify the observation of elevated
glycogen, the effect of x rays on the activity of enzymes playing key roles in glucose
breakdown and glucogenesis has been investigated over periods of several days after
whole-body x irradiation. It was found3’4 that in mice exposed to 690 R of x rays and
starved 24 hours prior to the experimental sacrifice, phosphofructokinase activity is
considerably enhanced whereas fructose-1, 6-diphosphatase is stimulated to a much
lesser degree. Pyruvate kinase and phosphoenolpyruvate carboxykinase, which link
glucose breakdown to the TCA cycle and therefore play a regulatory role in gluconeo-
genesis, are also affected by x irradiation.

Increase in the levels of fructose-1, 6-diphosphate and dihydroxyacetone phos-
phate has been observed in the liver of mice exposed to 690 R of x rays and starved
for 24 hours before killing. Pyruvate, lactate and phosphoenolpyruvate levels were
almost unchanged. However, none of these glycolysis intermediates were signifi~
cantly increased or diminished at the time of highest liver glycogen content. 2
Elevated values of ¢ -glycerophosphate were found in the livers of irradiated mice, 1
and it was concluded that an enhancement of lipid degradation after irradiation may
represent an additional source of glycogen precursors.

On the other hand, evidence has been presen’ced17 which indicates that in
x irradiated (600 R) fasted rats there is no increase in the net synthesis of glucose
and such evidence excludes involvement of glucocorticoids to account for increased
deposition of liver glycogen and elevated blood glucose levels. Enhancement in the
activities of liver enzymes involved in amino acid deamination has been observed in

rats exposed to 600 R of x rays, whereas fructose-1, 6-diphosphatase and



glucose-6-phosphatase did not seem to be affected. Glucose ATP phosphotransferase

and glycogen phosphorylase showed immediate reduction and enhancement, respec-

tively, in their activities, though normal levels were restored within a day after

irradiation and maintained throughout the period of investigation. 6

The effect of X rays and mixed gamma-neutron radiation on the liver enzymes
which are involved in the breakdown and synthesis of glycogen from glucose (Figure 1)
has been in;/estigated in this study and it was found that, under our experimental con-
ditions, the activities of the enzymes studied are greatly affected by radiation.
Although the rats were not studied immediately after irradiation in these experiments,
it has been found that, in contrast to the results obtained with 600 R of x rays by other

investigators, 6

in rats subjected to 1200 rads of x rays or mixed gamma-neutron
radiation and sacrificed at 24, 48 or 72 hours after exposure, glycogen phosphorylase
and amylo-1, 6-glucosidase activities are greatly decreased by both qualities of radi-

ation (Figures 2 and 3). Both these enzymes are involved in the breakdown of glyco-

gen to ""glucose' units.

While the in vitro synthesis of glycogen is readily accomplished by the com-
bined action of phosphorylase and the branching enzyme, the equilibrium condition

21

in vivo does not favor the synthesis of glycogen by this pathway. Instead, it has

been shown that glycogen is synthesized, in both liver and muscle, from UDP-

glucose-glycogen transglucosylase, 13

in combination with the branching enzyme.
It was found in this study that, in contrast to the inhibiting effect of radiation on
phosphorylase and amylo-1, 6-glucosidase, the activity of UDPG-glycogen transgluco-

sylase (UDPG-glycogen transferase) is greatly enhanced when the animal received

X rays or mixed gamma-neutron radiation (Figure 4), whereas the activity of

10



1,4 -1, 6 transglucosidase (branching enzyme) is impaired by radiation (Figure 5). Since
these two glycogen synthesizing enzymes act concurrently, not only the specificities

of the enzymes themselves but also their relative activities would strongly influence

the average chain lengths and therefore the degree of branching of the glycogen mole~
cule synthesized. The fact, therefore, that the activity of the one enzyme is enhanced
by radiation whereas that of the second is impaired, could result in the synthesis of a
glycogen molecule with a different degree of branching. However, this possibility

has not been investigated in this study.

The results obtained indicate that in the irradiated rat, under our experimental
conditions, glycogen hydrolysis is very much inhibited, whereas a considerable en-
hancement in the rate of its synthesis takes place. On the basis of these findings the
accumulation of glycogen, which has been observed to occur in the liver of the irradi-
ated animal, could be easily explained.

The activity changes of key enzymes involved in glycolysis and gluconeogenesis
which were found to occur following x irradiation of the animal, L1415 could shift the
equilibrium conditions of reactions to favor glycogenesis via the UDP-glucose-gly-
cogen pathway. Although it has been found that the activity of phosphofructokinase is
considerably enhanced by x irradiation, 3 it does not seem likely that this could cause
any appreciable stimulation of glycolysis from liver glycogen because of the decreased
availability of glucose~1-P.

At present it is not possible to interpret the activity changes induced by radi-
ation on the enzymes under investigation. Aggregation or disaggregation of the

enzyme molecule and the role which cofactors may play should not be excluded. 8

11



Decreased levels of nicotinamide dinucleotide, which plays an important role in
glycolysis, have been observed in x irradiated cell cultures. 14 Although glucocorti~
coids do not seem to be involved in the increased deposition of glycogen in x irradiated
rats, o the role which hormones may play should not be ruled out. Epinephrine, for
instance, has been found to increase the production of adenosine-3', 5'-phosphate
(cyclic AMP) and the latter plays an important role in the activity of enzymes involved

in the breakdown and synthesis of glycogen. 7,23
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